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(57) Abstract 



A method of forming lead zirconate titanate thin films having a perovskite phase suitable for silicon signal processing circuitry by 
drying and firing one or more layers of a lead zirconate titanate precursor sol gel applied to a substrate at low temperatures (<500°C). 
The precursor is obtained by dissolving lead acetate in acetic acid, dehydrating and reacting the product with titanium isopropoxide and 
zirconium n-propoxide in methanol, optionally adjusting the concentration of the precursor to 0.4M using methanol, and adding ethylene 
glycol to the precursor in amounts sufficient to ensure the particle size in solution is less than 9 nanometers. Lead zirconate titanate thin 
films are produced by coating a substrate with ne or more layers of the precursor sol gel, drying the or each layer at a temperature of 
about 200-300° C and firing one or more dried layers at a temperature of about 400-500° C. 
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Improvements in or relating to sol gel processing of lead zirconate 

titanate thin films 

The present invention concerns improvements in or relating to the 
5 preparation and processing of thin films of lead zirconate titanate. More 
especially, but not exclusively, the invention concerns the preparation and 
processing of lead zirconate titanate thin films having a perovskite phase 
at low temperatures (<500°C) for the integration of the thin films with 
silicon signal processing circuitry. 

10 

Ferroelectric lead zirconate titanate (PbZr x Ti,. x 0 3 ) (PZT) thin films are of 
growing technological interest for a diverse range of applications 
including nonvolatile semiconductor memory, optical modulator, high- 
frequency surface acoustic wave (SAW) devices, and pyroelectric infra- 
15 red detectors- 

PZT thin films which have been prepared at high temperatures ( > 500°C) 
exceed the limit of the temperature that the Al/Si metallisation on a 
silicon substrate such as a substrate for use in preparation of signal 
20 process circuitry can stand. 

The present invention aims to remedy this drawback. A desired object of 
the invention is the preparation of a PZT sol gel precursor and the 
formation from such precursor of PZT films, preferably having perovskite 
25 orientation, at low temperatures (< 500°C) by control of reaction 
conditions during the preparation of the PZT sol gel precursor in addition 
to the control of the coating conditions. 

According to a first aspect of the invention there is provided a process for 
30 preparing a lead zirconate titanate precursor sol comprising the steps of 
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dissolving lead acetate in acetic acid wherein the ratio of lead acetate to 
acetic acid is between lg:lml and lg:3ml; dehydrating the mixture by 
distillation; reacting the lead acetate solution with a mixture of zirconium 
n-propoxide and titanium isopropoxide dissolved in methanol; optionally 
5 adjusting the concentration of the precursor to 0.4M using methanol; and 
adding ethylene glycol to the precursor in amounts sufficient to ensure the 
particle size in solution in less than 9 nanometers. 

The process uses lead acetate, titanium isopropoxide and zirconium n- 
10 propoxide as the basic precursors, which are dissolved in mixtures of 
acetic acid and methanol, with ethylene glycol used as an additive. 
Preferably, the ratio of added ethylene glycol to lead is in the range 1:1 to 
1:5 (wt%). 

15 A key aspect of the process which has not been described before is the 
control of the particle size of the moieties suspended in the sol. This, 
coupled with precisely determined ratios of the chemicals, particularly the 
amounts of acetic acid and ethylene glycol used, allow us to obtain very 
low firing temperatures when producing lead zirconate titanate films using 

20 the sol. 

According to a second aspect of the present invention there is provided a 
process of coating a substrate with one or more layers of lead zirconate 
titanate having a substantially completely perovskite orientated phase 
25 comprising the steps of applying a layer of the precursor according to the 
first aspect of the invention to the substrate, drying the layer at a 
temperature of 100-400°C and either a) firing the dried layer at a 
temperature of 400-500°C and applying further layers if required; or b) 
applying and drying one or more further layers before firing the dried 
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layers at a temperature of 400-500°C to anneal them together and applying 
further layers if required. 

The advantages of such PZT films are that they show a pyroelectric 
5 effect. It will readily be appreciated by those skilled in the art that any 
material which shows a pyroelectric effect will also exhibit piezoelectric 
properties which mean that thin films of such materials can be used in 
electronic devices exploiting the effect, such as microphones, 
accelerometers, motors, actuators, and resonant devices for the filtering 
10 of radio frequency signals. 

A number of specific but non-limiting examples of the process used will 
now be described in detail with reference to the figures in which 

15 Figure 1 shows an XRD pattern of a ten layer film made using a 
coating solution prepared according to process 1 wherein 
each layer was dried at 200°C for 3 mins and annealed at 
480°C for 15 min; 

20 Figure 2 shows the relationship of (III) orientation of PZT perovskite 
phase to drying temperature; 



Figure 3 shows the relationship of annealing temperature and time for 
the formation of perovskite PZT phase for a three layer film; 

25 

Figure 4 shows the XRD patterns of the PZT films made using sols of 
different particle size; 

Figure 5 shows the XRD patterns of three PZT films of varying ratios 
30 of lead acetate to acetic acid; 
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shows the XRD patterns of two 12 layer PZT films annealed 
at 460° C and 480°C respectively with two layers fired 
together; 

shows the electric properties of a 12 layer PZT film made 
from a coating solution of process 1 each layer dried at 
200°C for 3 min and two layers annealed together at 460°C 
for 120 min; 

shows the relationship of dc with time under a constant bias 
voltage of 20 volts of a PZT film made by method 2 from a 
coating solution of process 1 ; and 

shows the I-V and Ry-V curves for a PZT film made by 
method 2 from a coating solution of process 1 . 

1. Manipulation of air sensitive solutions 

20 Standard Schlenk technique was used during the manipulation of air 
sensitive solutions. Air sensitive solutions were stored under nitrogen in 
a dry box. The raw materials were transferred into reaction vessels using 
dry box techniques. 

25 2. Sources and Purification of raw materials 

Lead acetate Pb(CH 3 COO) 2 3H 2 0 (A.R. grade) was purchased from 

Fisher Scientific Chemicals, UK. It was calibrated and found to be 
99.99% pure. 

30 
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Figure 6 

5 

Figure 7 



10 

Figure 8 



15 Figure 9 
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Titanium isopropoxide Ti(0'Pr) 4 (99.999%) was purchased from Aldrich. 
The Ti(O l Pr) 4 was further purified by distillation prior to use. 

Zirconium n-propoxide Zr(O n Pr) 4 Pr n OH (70 wt.%) was purchased from 
5 Aldrich. It was calibrated and found to vary in the range 70-78 wt.% but 
not further purified before use. 

Methanol (anhydrous, 99.8%) was purchased from Aldrich and was not 
further dried before use. 

10 

3. Preparation of PZT Precursor Sols 
Process 1: 

15 Step la - Lead acetate Pb(CH 3 COO) 2 3H 2 0 (20g) was dissolved in acetic 
acid CH3COOH (20ml) with gentle warming. Here the ratio of lead 
acetate to acetic acid is lg:lml. The colourless solution was heated to 
reflux at 116-117°C for 3h in air, then distilled to remove the water until 
the temperature of the vapour reached 105°C for 5 mins. 4 — 5ml of 

20 distillates was collected. The solution was cooled to room temperature. 

Step 2a - Zirconium n-propoxide ZR(O n Pr) 4 n PrOH (76%) (6.1g) was 
mixed with Titanium isopropoxide Ti(0 , Pr) 4 (9.4g) in a glove box. The 
mixture containing the Zr and Ti precursors was stirred for 3 min. under 

25 nitrogen. Methanol (20ml) was added to the Zr/Ti mixed solution. A 
white solid was formed straight away. The system was heated to reflux 
for 2.5h (white solid did not dissolve at this stage). The lead precursor of 
step la was added to the Zr/Ti mixed system in a dry environment (glove 
box). Then the new mixture was heated to reflux for 2h. All the solids 

30 were dissolved in a few minutes after mixing. A yellow solution was 
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forme d and fiUered >" * through a 0.2, f..,er (ZapCap-CR filters 
vdrop h„.c ny.on membrane. A.drich) after the so.ution had coo 

y The PZT precursor concentration was adjusted to 

room temperature. The PZ1 pre 

0 4M by adding methanol (TWO-) in air. Ethy.ene g.yco. (5g) wa 
addcd to the so.ution immediate.y. The so.ution was then surred (or 
min at room temperature. The formed PZT so.ution was stored under 
ni ,rogen in a dry box or in the fridge «TO overnight prior to use. pH 
value of the solution is 4.0. 



10 Process 2: 



15 



20 



25 



30 



Step lb - Lead acetate Pb(CH 3 COO) 2 3H 2 0 (20g) was disso.ved 
,cid CH3COOH <40m.) with gentle warming. Here the ratio of lead 
aC e«te ,o acetic acid is lg:2- The coiouriess so.ution was heated to 
re flux a, 116-117-C for 3h in air, then distilled ,o remove *e water unu 
the temperature of me vapour reached 105'C for 5 mtns. 4 -5 m 
di s.i.la«es was co.iecud. The so.ution was cooled ,o room temperature. 

Step 2b - Zirconium n-propoxide Zr(0"Pr) 4 "PrOH (76%>(6.1g) was mixed 
wit h Tiunium isopropox.de TiCO'Pr). (9.4g, in a g.ove box. The _ 
containing the Zr an d Ti precursors was surred for 3 mm. ««°<^ 
Methano. (20m.) was a d ded to the Zr/Ti mixed so.uuon. A wh e so. 

(wh Ue so.id did not dissowe at this stage). The .ea d precursor of step lb 
was ad de d ,o the Zr/Ti mixed system in a dry environment (glove bo K 
Th en the new mixture was heated to reflux (or 2h. A., the so.tds we 

f . r mivino A vellow solution was formed and 
dissolved a few minutes after mixing, a yeno 

filtered in air through a 0.2, filter (ZapCap-CR fihers. hydrophU.c nylon 
me mbrane or teflon membrane. A.drich) after the so.ution had coo.e to 
r0 om temperature. The PZT precursor was adjusted ,o 0.4M by addmg 
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methanol (50 -60ml) in air. Ethylene glycol (lOg) was added to the 
solution immediately. The solution was then stirred for 3 min at room 
temperature. The formed PZT solution was stored under nitrogen in a dry 
box or in the fridge (0°C) overnight prior to use. pH value of the solution 
5 is 3.52. 

Process 3: 

Step 1c - Lead acetate Pb(CH 3 COO) 2 3H 2 0 (20g) was dissolved in acetic 
10 acid CH3COOH (60ml) with gentle warming. Here the ratio of lead 
acetate to acetic acid is lg:3ml. The colourless solution was heated to 
reflux at 116-117°C for 3h in air, then distilled to remove the water until 
the temperature of the vapour reached 105°C for 5 mins. 4 -5ml of 
distillates was collected. The solution was cooled to room temperature. 

15 

Step 2c - Zirconium n-propoxide Zr (O n Pr) 4 n PrOH (76%) (6.1g) was 
mixed with Titanium isopropoxide Ti(0 1 Pr) 4 (9.4g) in a glove box. The 
mixture containing the Zr and Ti precursors was stirred for 3 min. under 
nitrogen. Methanol (20ml) was added to the Zr/Ti mixed solution. A 

20 white solid was formed straight away. The system was heated to reflux 
for 2.5h (white solid did not dissolve at this stage). The lead precursor of 
step lc was added to the Zr/Ti mixed system in a dry environment (glove 
box). Then the new mixture was heated to reflux for 2h. All the solids 
dissolved immediately. A yellow solution was formed and filtered in air 

25 through a 0.2y. filter (ZapCap-CR filters, hydrophilic nylon membrane or 
teflon membrane, Aldrich) after the solution had cooled to room 
temperature. The PZT precursor was adjusted to 0.4M by adding 
methanol (30 -40ml) in air. Ethylene glycol (lOg) was added to the 
solution immediately. The solution was then stirred for 3 min at room 

30 temperature. The formed PZT solution was stored under nitrogen in a dry 
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box or in the fridge (0°C) overnight prior to use. pH value of the solution 
is 3.29. 

4. Coatings 

5 

Method 1 

The concentration of coating solution made by any one of processes 1-3 
was 0.4M. The substrate was Pt/Ti/Si0 2 /Si (100nm/5nm/400nm/(100)). 

10 Spin coating equipment was a photo resist spinner (Model 1-EC101D- 
R790), Headway Research Inc). Spin coating conditions were 3000rpm 
for 30 seconds at room temperature. Two hot plates were used to dry and 
decompose PZT films. One hot plate was set at 200°C and the other had 
higher temperature (CEE Custom Model 1100 Hotplate, Brewer Science, 

15 Inc). Both hot plates were calibrated by a SensArray's Process Probe 
wafer (Intertrade Scientific). Coatings were put on the 200°C hot plate 
for 3 min for drying and then firing at higher temperature. The firing 
time depends on the temperature. At 460°C, it needs 60min and at 480°C, 
it needs 15 min for each layer. More layers can be built on by repeating 
20 above procedure. A l[im thick crack -free film needs 12-14 layers. 

Method 2 

Another way to make films is to anneal two layers together after each 
25 layer was dried. The concentration of coating solution made by any one 
of processes 1-3 was 0.4M. The substrate was Pt/Ti/Si0 2 /Si 
(100nm/5nm/400nm/(100)). Spin coating equipment was a photo resist 
spinner (Model 1-EC101D-R790, Headway Research Inc). Spin coating 
conditions were 3000rpm for 30 seconds at room temperature. Two hot 
30 plates were used to dry and decompose PZT films. One hot plate was set 
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at 200°C and the other had higher temperature (CEE Custom Model 1100 
Hotplate, Brewer Science, Inc). Both hot plates were calibrated by a 
Sens Array's Process Probe wafer (Intertrade Scientific). Each layer was 
dried at 200°C and every two layers were annealed at higher temperatures. 
The firing time depends on the temperature (see Results). More layers 
can be built on by repeating above procedure. A l^xm thick crack-free 
film needs 12-14 layers. 

5. Results 

XRD of the PZT films 



Figure 1 shows an XRD pattern of a ten-layer film made by using a 
coating solution prepared according to Process 1 wherein each layer was 
15 dried at 200°C for 3 min and annealed at 480°C for 15 min. A strong 
(111) perovskite phase indicated a highly preferred orientation. The 
particle size (5-6nm) is believed to contribute to this. 

The effects of drying and annealing temperature and time on the 
20 formation of perovskite PZT 

Drying and firing temperature and time were found to have an impact on 
the formation and orientation of perovskite PZT films. Figure 2 shows 
the relation of (111) orientation of PZT perovskite phase of a film made 
25 from process 1 with drying temperature. It can be seen that only for a 
drying temperature of 200°C, were the films fully (111) oriented, at the 
drying temperature of about 350°C, the films had the biggest (100) 
orientation. 
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Figure 3 shows the relation of annealing temperature and time for the 
formation of perovskite PZT phase for a three-layer film made by 
method 1. Each layer was annealed at 480°C for 15 min. 

5 The effect of particle size of the solution on the formation of 
perovskite PZT 

Figure 4 shows the XRD patterns of the PZT films made by using sols 
with different particle size. AH the films had ten layers and each layer 
10 was dried at 200°C and annealing at 480°C for 15 min. It was found that 
only when the particle size was less than 9nm could the films have a pure 
perovskite phase at the specified film making conditions. 

The effect of acetic acid amount in the solution on the formation of 
15 perovskite PZT 

Figure 5 shows the XRD patterns of three films each made from a 
precursor sol according to one of processes 1-3. Each film had ten layers 
with each layer dried at 200°C for 3 mm and fired at 480°C for 10 min. 

20 Pyrochlore phase was only observed in the film made by using lead 
acetate; Acetic acid ratio of lg: 1ml solution. The intensity of (111) 
perovskite for the three films defined by ratio lead acetate to acid is 
1:1 < < 1:2 and 1:3; 1:2-1:3. For the films with 1:2 and 1:3, the ratio 
°f Im^ioo was about 200/1, but for the film of 1:1, I in ^ioo was about 

25 50/1. 
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The effect of firing two layers together on the formation of perovskite 
PZT 

Films were made by the solution of Process 2. Under the coating 
5 conditions of method 2, the intensity of {111] orientation was higher when 
firing the film at 460°C for 2 hours rather than at 480°C for 30 mins 
although there was no [100] orientation appearing in either film. 

Fig. 6 shows the XRD patterns of two 12-layer PZT films annealed at 
10 460°C and 480°C, respectively, with two layers fired together. In 
general, strong [lll]-only orientation films can be made by the methods 
of either firing one layer (method 1) or two layers (method 2) at 460°C or 
480°C. 

15 6. Dielectric and pyroelectric properties 
One layer fired 

Table 1 lists the parameters for the ten-layer films made according to 
20 method 1 but with different firing temperatures using the solution of 
Process 1. Drying was at 200°C for 3 mins. Firing was at 440°C, 
460°C, 480°C or 500°C for 2h, lh, 15 min or 5 min for each layer 
respectively. 

25 For the measurement of electric properties, a set of Au/Cr electrode dots 
of 3*14 mm 2 was sputtered onto the film. An exposed Pt bottom electrode 
beneath the film provided the other electrode. A Genrad 1689M RLC 
Digibridge impedance analyser was used to measure dielectric properties 
and a Radiant Technologies RT66A ferroelectric test system was used to 

30 obtain ferroelectric hysteresis loops. Pyroelectric coefficients were 
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obtained by measuring the pyroelectric currents generated by the 
specimens when under constant heating and cooling rates. 

Table 1 Parameters used to calculate the merit figures of the thin 
5 films at 1KHZ (and at 33Hz in brackets). 



Firing Temp. 
CO 


Pyro. 

Coefficient 
(C/Km 2 ) 


Dielectric 
Cons. 


Dielectric 
loss 


MpfP,"" 3 ) 


440 


8.83 x 10° 


334(375) 


0.368(0.114) 


8.42 x 10*° 
(1.81 x 10"*) 


460 


1.66 x 10* . 


315(340) . 


0.0477(0.057) 


2.80 x 10*\ 
(5.07 x 10" 6 ) 


480 


1.80 x 10"* 


340(358) 


0.0215(0.043) 


8.95 x 10 ° 
(6.16 x 10**) 


500 


2.02 x 10"* 


321(338) 


0.0279(0.046) 


9.07 x 10"° 
(6.89 x 10" 6 ) 



Two layers fired together 



10 Process 1 was used to make the solution. The film was dried at 200°C for 
3 min each layer. Two layers annealed together at 460°C for 120 min. 
There are 12 layers in all. Film thickness is about 1 jim. 



The following Table 2 and Figure 7 summarise results of dielectric 
15 constant, pyroelectric coefficient, loss tan6 and the figure of merit of the 
film at the frequency of 33hz. 
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Table 2 



I Foling voiittgc 


Dielectric Constant 


Pyro. 


1 


305 ~~ J 


242 


1 1 o 

I 1° 1 


301 


238 


1 


303 


232 


I *2 ] 


300 


232 


1 ft 1 


301 


232 


1 


295 


233 


1 


295 


233 


1 Q 1 

1 -y 


298 


233 


1 1 1 
1 " 




52 


i 1 ^ 


1 304 I 


-59 


1 18 


306 


-70 


I OA 

I -£.M 


306 


-83 


20 


314 


170 


24 


314 


173 


26 


313 


174 


28 


313 


175 


30 


312 


180 


35 


314 


185 


40 


309 


185 



The breakdown voUage was found to be 70 voLs, or 700 KV/cm. 

FUm dc resistivity was nteasured. Fig. 8 shows the reiationship of the 

made by method 2. 
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The I-V and R y -V curves for a typical film made by method 2 are shown 
in Fig. 9. 

The processes described herein have been developed for films with the 
5 composition PbZr 0 ^Ti 0 , 7 O 3 (referred to as PZT30/70), but it will readily 
be appreciated by those skilled in the art that the same principles can 
readily be applied to other compositions in this solid solution system. 
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CLAIMS 

1* A process for preparing a lead zirconate titanate precursor sol 
5 comprising the steps of dissolving lead acetate in acetic acid wherein the 
ratio of lead acetate to acetic acid is between lg:lml and lg:3ml; 
dehydrating the mixture by distillation; reacting the lead acetate solution 
with a mixture of zirconium n-propoxide and titanium isopropoxide 
dissolved in methanol; optionally adjusting the concentration of the 
10 precursor to 0.4M using methanol; and adding ethylene glycol to the 
precursor in amounts sufficient to ensure the particle size in solution is 
less than 9 nanometers. v 

2. A process according to claim 1 wherein the ratio of a lead acetate 
15 to acetic acid is between lg:2ml and lg:3ml. 

3. A process according to claim 1 or claim 2 wherein the particle size 
is between 5 and 9 nanometers. 

20 4. A process according to claim 3 wherein the particle size is between 
5 and 6 nanometers. 

5. A process according to any one of the preceding claims wherein the 
ratio of ethylene glycol to lead is from 1:1 to 1:5 (wt%). 

25 

6. A process of coating a substrate with one or more layers of lead 
zirconate titanate precursor according to any one of the preceding claims 
such that they adopt a substantially completely perovskite orientated phase 
comprising the steps of applying a layer of the precursor to the substrate, 

30 drying the layer at a temperature of 100-400°C and either a) firing the 
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dried layer at a temperature of 400-500°C> applying further layers if 
required: or b) applying and drying one or more further layers before 
firing the dried layers at a temperature of 400-500°C to anneal them 
together and applying further layers if required. 

5 

7. A process according to claim 6 wherein 10-14 layers are applied to 
the substrate. 

8. A process according to claim 6 or claim 7 wherein the or each 

10 layer is dried at 200°C for 3 minutes and fired at 460-480°C for a period 
of 5 minutes to 2 hours. 

9. A process according to any one of claims 6 to 8 wherein the or 
each layer is fired or two or more layers are annealed at 480°C for 15 

15 minutes. 

10. A process according to any one of claims 6 to 8 wherein the or 
each layer is fired at 460°C for 1 hour. 

20 11. A process according to any one of claims 6 to 8 wherein the two 

or more layers are annealed at 460°C for 2 hours. 

12. A lead zirconate titanate precursor sol made according to the 
process of any of claims 1 to 1 1 having a particle size in solution of less 

25 than 9 nanometers. 

13. A coating for a substrate comprising a thin film of a lead zirconate 
titanate made according to the process of any of claims 1 to 1 1 having a particle 
size in solution of less than 9 nanometers. 

30 
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14. A coated product comprising a substrate having a coating of a thin 
film of a lead zirconate titanate made according to the process of any of 
claims I to 1 1 having a particle size in solution of less than 9 nanometers. 

5 15. A coated product according to claim 14 wherein the substrate is a 

silicon based substrate. 

1 6. The use of a lead zirconate titanate film coated substrate according 
to claim 14 or claim 1 5 or made by the process of claim 6 in a device for the 

10 detection of electromagnetic radiation. 

17. The use according to claim 16 wherein the wavelength of the 
radiation lies between 3 and 14 micrometers. 

15 1 8. The use of a lead zirconate titanate film coated substrate according 
to claim 14 or claim 15 or made by the process of claim 6 in a piezoelectric 
device. 

19. The use according to claim 18 wherein the device is a microphone. 

20 

20. The use according to claim 18 wherein the device is an accelerometer. 
The use according to claim 18 wherein the device is a motor. 

The use according to claim 1 8 wherein the device is an actuator. 

23. The use according to claim 18 wherein the device is a resonant 
device for the filtering of radio frequency signals. 

30 



25 



21. 
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24. A process for preparing a lead zirconate titanate precursor sol 
substantially as described herein. 

25. A process of coating a substrate with one or more layers of lead 
5 zirconate titanate substantially as described herein. 

26. A lead zirconate titanate precursor sol substantially as described 
herein. 

10 27. A coating comprising a thin film of lead zirconate titanate 
substantially as described herein. 

28- A lead zirconate titanate coated product substantially as described 
herein. 

15 

29. Use of a lead zirconate titanate coated product substantially as 
described herein • 

30. A process for the growth of sol gel lead zirconate titanate thin 
20 films in which lead acetate is first dissolved in acetic acid in a ratio of 

between Ig to 1ml and lg to 3ml, dehydrated by distillation, titanium 
isopropoxide and zirconium n-propoxide are reacted in dry methanol to 
form a white solid which is subsequently reacted with the lead acetate 
solution to form a transparent solution, to which ethylene glycol is added 

25 so that the panicle size in solution is between 5 and 9 nanometres (as 
measured by photon correlation spectroscopy), it being provided that the 
resulting solution is spun-down onto a substrate coated with titanium and 
platinum, the resulting layers being dried on a hot surface maintained at 
between 200°C and 300°C, and subsequently being annealed on a hot 

30 surface at a temperature of between 400°C and 500°C to form a 
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perovskite phase which exhibits the pyroelectric and piezoelectric effects 
after poling with an applied electric field. 

31. A process for preparing a lead zirconate titanate precursor sol 
5 comprising the steps of:- 

a) dissolving lead acetate in acetic acid and dehydrating the resulting 
solution; 

b) reacting zirconium n-propoxide and titanium isopropoxide in 
methanol and reacting with the product from step (a); and 

10 c) adding sufficient ethylene glycol to obtain a desired particle size in 
solution, preferably less than 9 nanometers and more preferably between 5 
and 9 nanometres. 

32. A process of coating a substrate with one or more layers of lead 
15 zirconate titanate having a substantially completely perovskite orientated 
phase comprising the steps of:- 

a) applying a layer of lead zirconate titanate precursor sol according 
to Claim 31 to the substrate; 

b) drying the layer at a temperature of <400°C, preferably <300°C, 
20 more preferably about 200°C, and 

c) either i) firing the dried layer at a temperature of <500°C, 
preferably from 400°C to 500°C, and applying further layers if required; 
or ii) applying and drying one or more further layers before firing the 
dried layers at a temperature of <500°C, preferably from 400°C to 

25 500°C f to anneal them together and applying further layers if required. 

33, A lead zirconate titanate thin film having a perovskite phase when 
made by the process described herein. 



WO 00/65643 



PCT/GBOO/01444 



20 

34. Any novel feature or step of any process for producing a lead 
zirconate titanate thin film and/or any intermediate product(s) described 
herein. 
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